Although deciduous and evergreen conifers are expected to utilize needle nitrogen differently, their interspecific differences in the ozone sensitivity remain unclear. We compared the growth and physiological responses to elevated O3 concentrations in deciduous Japanese larch (Larix kaempferi) and evergreen Sakhalin fir (Abies sachalinensis) seedlings. Seedlings of both species were exposed to 62.5 ± 1.95 nmol(O3) mol -1 during the day time in open-top chambers. Elevated O3 had no effect on height or diameter growth in either of the species but suppressed photosynthetic parameters. A decline in photosynthetic nitrogen-use efficiency was observed in both species. However, needle N content in larch was decreased by O3, whereas it was not decreased in fir. Needle N responses to O3 were different between larch and fir seedlings, indicating that the O3 sensitivity of photosynthesis could vary depending on needle N dynamics. We also observed a higher correlation between photosynthesis and needle N even under O3 exposure, particularly in the mass-based relationship with higher accuracy. The result indicated that mass-based needle N could explain difference in O3 sensitivity of photosynthesis between the different leaf habits in larch and fir seedlings.
Introduction
Ground-level ozone (O3) concentrations have been increasing in Northeast Asia over the last several decades (Akimoto 2017) . O3 reduces growth, suppresses photosynthesis, decreases the allocation of photosynthates to roots (which increases the top/root [T/R] ratio), accelerates leaf senescence, and causes a nutritional imbalance in woody species in temperate forests in Northeast Asia (e.g., Koike et al. 2012 , Agathokleous et al. 2015 Kitao et al. 2017 , Shi et al. 2017 , Sugai et al. 2018 .
Previous studies have evaluated several leaf functional traits, which could explain O3 sensitivity in woody species (Bussotti 2008 , Zhang et al. 2012 , Li et al. 2016 , Feng et al. 2018 . Among them, leaf mass area (LMA) is strongly associated with the O3 sensitivity of photosynthesis (e.g., Hayes et al. 2007 , Bussotti 2008 , Li et al. 2016 . Compared with other indices of O3 sensitivity, such as stomatal conductance, biogenic volatile organic compound emissions by leaves, LMA is regarded as the most critical index because it is a functional trait that is relatively easy to obtain (Li et al. 2016 , Feng et al. 2018 . It has also been reported that the thickness of the parenchyma cell layer is highly correlated with antioxidant capacity such as ascorbic acid-equivalent antioxidant capacity (Matyssek et al. 2007 (Matyssek et al. , 2008 . However, relatively few studies have compared O3 sensitivity between deciduous and evergreen trees based on LMA, particularly in coniferous species (Mortensen 1994 , Wieser and Havranek 1996 , Watanabe et al. 2006 , Weigt et al. 2012 .
Another functional trait, a leaf N content, could explain interspecific differences in the sensitivity of photosynthesis to O3 in coniferous tree species despite leaf N often being strongly positively correlated with LMA (Niinemets 1999, Kitaoka and Koike 2005) . Leaf N content has a strong correlation with photosynthetic capacity including carboxylation capacity and electron transport rate . A meta-analysis revealed that the mass-based relationship between photosynthesis and leaf N was always stronger than the area-based relationship (Wright et al. 2004 ). In addition, deciduous and evergreen conifers are thought to have specific usages of needle N content, for example, photosynthetic N-use efficiency, leaf N cycling, and storage pools (Small 1972 , Reich et al. 1995 , Temple et al. 1995 , Hikosaka 2004 , Takashima et al. 2004 , Bussotti 2008 , Weigt et al. 2012 . Particularly, N demand and turnover in deciduous trees are generally higher than that in evergreen trees (Matyssek 1986 ). Considering such interspecific differences, we investigated whether leaf N content could explain the variation in O3 sensitivity of photosynthesis between deciduous and evergreen conifers.
We focused on Japanese larch (Larix kaempferi), a deciduous conifer, and Sakhalin fir (Abies sachalinensis), an evergreen conifer, because the species are ecologically and economically important in northern Japan (Kita et al. 2009 , Goto et al. 2011 , where O3 tends to be elevated from spring to early summer (Koike et al. 2013 , Hatakeyama 2017 . Japanese larch is a light-demanding pioneer species and has a high photosynthetic capacity (Ryu et al. 2009 ). In addition, Japanese larch is a deciduous species that recycles N from the needles to nonphotosynthetic organs during leaf senescence (Kam et al. 2015) . Conversely, Sakhalin fir has a lower photosynthetic capacity and exhibits high shade tolerance, which implies that it utilizes low levels of light, such as those available at the forest floor, more efficiently (Noguchi et al. 2003) . In addition, because the fir retains its evergreen needles for 5-10 years or more, depending on the light conditions, it can allocate N to needles, with N being continually recycled in some years until the light environment improves (Millard and Proe 1992 , Noguchi et al. 2003 , Weigt et al. 2012 .
In the present study, we compared growth and physiology between Japanese larch and Sakhalin fir seedlings in response to elevated O3. We hypothesized that the negative impacts of O3 on larch would be significant, whereas those on fir would not be significant due to the higher needle N demand and turnover (Matyssek 1986 ). We also assessed whether needle N could be used as an indicator of the O3 sensitivity of photosynthesis in larch and fir seedlings by considering how O3-induced leaf senescence varies between deciduous and evergreen conifers.
Materials and methods
Study site and plant materials: The experiment was conducted at the Sapporo Experimental Forest of Hokkaido University in northern Japan (43°04'N, 141°20'E, 15 m a. s. l. The OTC system was operated by DALTON Co. Ltd. (Sapporo, Japan). The target O3 concentration was monitored using two devices: the O3 monitor (2B Technologies, NZ) and O3-monitoring system (Ebara, Tokyo, Japan). In the AOZ treatment, ambient air was added to the OTCs, whereas in the EOZ treatment, the target concentration was attained by adding O3 using a generator (Model PZ-1 C, Kofloc, Kyoto, Japan), which employed the pressure swing adsorption method to condense oxygen gas and use it as O3 gas. The O3-generation method produces only a minimal amount of NOx gas and is environmentally safe. A proportional integrative differential control algorithm was used to maintain the desired O3 concentration. The O3 treatments were applied to the seedlings from 1 June to 3 September, 2016, between 06:00-18:00 h.
The O3 concentrations and environmental conditions in the OTCs are summarized in the following text table. The O3 concentrations that were achieved each month from June to August were 32.9 ± 1.49, 26.9 ± 1.76, and 28.3 ± 1.50 nmol(O3) mol −1 , respectively, in the AOZ treatment, and 64.2 ± 2.31, 62.2 ± 1.68, and 61.1 ± 1.85 nmol(O3) mol −1 , respectively, in the EOZ treatment. The temperature and light conditions were monitored at 5-min intervals throughout the experimental period using a HOBO Pendant data logger (UA-002-64; Onset Computer Co., MA, USA) that was placed in the center of each OTC above the canopy of the plants.
Leaf gas exchange: Gas-exchange measurements were obtained from the needles of all seedlings on 30 August, 2016. Because the effects of O3 depend on the amount absorbed (Wieser et al. 2013 , Kitao et al. 2017 , it is critical that the same-age needles are used when comparing O3 responses among different foliage types. Therefore, we measured the responses of current-year needles to O3. The gas-exchange rates were measured using an open gas-exchange system (LI-6400; Li-Cor Inc., NE, USA) between 05:00-14:00 h. During measurement, leaf temperature was maintained at 25 ± 0.5°C, water vapor deficit in the leaf chamber was approximately 1.2 ± 0.3 kPa, and PPFD was approximately 1,500 μmol m −2 s −1
. In order to determine the net CO2 assimilation rate per intercellular CO2 concentration (PN/Ci) curve, PN was determined at ten concentrations of Ci [Ca: 60-1,600 μmol(CO2) mol −1 ]. The curve was then used to determine PN, the transpiration rate (E), and stomatal conductance (gs) at 380 μmol(CO2) mol −1 Ca. The PN/Ci curve was also used to calculate the maximum net photosynthetic rate at 1,600 μmol(CO2) mol −1 Ca (PNmax), the maximum rate of carboxylation (Vcmax), and the maximum rate of electron transport (Jmax) using an individual leaf photosynthetic model (Farquhar et al. 1980, Long and Bernacchi 2003) . The PN/Ci curve was analyzed using values of Rubisco Michaelis constants for CO2 (Kc) and O2 (Ko), and CO2-compensation point in the absence of dark respiration (Γ * ), according to Bernacchi et al. (2001) .
Once the photosynthetic measurements had been obtained, the needles were scanned and the projection areas of the needles were measured and converted into a needle area index using the image analysis software ImageJ (National Institutes of Health, Bethesda, Maryland, USA; Schneider et al. 2012) .
Leaf elements and photosynthetic N-use efficiency:
The needles, which were used for gas-exchange measurements, were collected for further analyses of their N and carbon (C) contents per unit mass and area (Nmass, Cmass, and Narea, respectively) and their LMA. Once the needle areas had been measured, the needles were dried at 70°C for at least 3 d until they reached a constant dry mass and were then weighed. Nmass and Cmass were measured using an NC analyzer (VarioEL III; Elementar, Japan). Narea was then used to calculate the photosynthetic N-use efficiency [NUE, μmol(CO2) 
] using the following equation (Koike et al. 2012) : NUE = PN/Narea.
Growth:
The height and stem basal diameter (2 cm from the stem base) of each seedling were measured on 28 May and 29 August, 2016, using a measuring tape (1 mm gradient) and Vernier calipers (Mitsutoyo, Kanagawa, Japan). The diameter was taken as the average of two crosswise measurements at the base of the stem. The initial mean stem diameter and initial mean height (± SE) of larch and fir seedlings under AOZ and EOZ treatment were as indicated in the following text table:
Size growth (Sg) in stem diameter and height were calculated by subtracting the initial size value in May from the final size value in August.
Statistical analyses: All statistical analyses were carried out in R version 3.4.3 (R Core Team 2017) . Photosynthetic processes at the leaf scale in the two conifer species were compared using a generalized linear mixed model (GLMM). The model included O3 treatment, species, and their interaction as explanatory variables. When a significant interaction effect was detected, Tukey's multiple comparison tests were conducted. GLMM analysis was also used to determine how photosynthetic rate and stomatal conductance were correlated with LMA and needle N. We compared the performance of each model in predicting photosynthetic responses in each species to O3 using Akaike's information criterion (AIC; Akaike 1974). We also used GLMM to evaluate the relationship between photosynthetic parameters, with the influence of leaf traits as the dependent variable and the different species as independent variables. Data from each replicate were averaged, giving four values per species for each treatment (n = 4).
Results
Physiological responses to O3: Responses of the photosynthetic parameters and needle characteristics of each species to EOZ are summarized in Table 1 . There were significant interspecific differences in all the 27.20 ± 0.15 27.00 ± 0.40 37.10 ± 1.02 36.70 ± 0.87 photosynthetic parameters (except Jmax), regardless of the O3 treatment. Multiple comparison tests revealed that the fir had significantly lower PN and PNmax values than that of the larch under AOZ, whereas there were no differences in the two parameters between the two species under EOZ. In addition, all the photosynthetic parameters except gs were significantly inhibited under EOZ in both species. LMA was significantly higher in the fir than that in the larch regardless of the O3 treatment. However, LMA was also significantly higher under EOZ than that under AOZ. The effects of O3 on Narea varied between species with multiple comparison tests showing that Narea was higher in the fir than that in the larch under EOZ. Although area-based differences were not clear in the larch, Nmass was significantly lower under EOZ than that under AOZ. However, changes in both needle N parameters were observed in fir under EOZ in the opposite direction, although they were not significant. In addition, a significant, albeit only slight, increase in Cmass was observed in the fir under EOZ.
Correlation analysis:
Correlations between LMA and PN, ) (PN) and the leaf mass area (LMA) (A), PN and the leaf nitrogen per unit area (Narea) (B), the stomatal conductance at ambient CO2 (gs) and LMA (C), and gs and Narea (D) were analyzed with GLMM. Significance: n.s. gs and correlations between Narea and PN, gs are presented in Fig. 1 . PN was more significantly correlated with LMA than with Narea, with larch having a stronger negative correlation between PN and LMA than that of fir (Table 2) . There was also a strong negative correlation between gs and LMA in both species, with larch again exhibiting the strongest relationship. By contrast, the correlation between PN and Narea varied between species, with a significant positive correlation being observed for larch and a negative relationship being observed for fir. There was no significant correlation between gs and Narea in either species.
Correlations between Nmass and PNm, and gsm and NUE are shown in Fig. 2 . PNm was significantly correlated with Nmass, whereas the correlation between PNm and Nmass was strongest among all models for both species (R 2 = 0.76; Table 2 ). The model with the lowest AIC also indicated that the mass-based relationship could explain the O3 sensitivity of photosynthesis in each species, despite the correlation not being particularly strong in the fir. The correlation between gsm and Nmass was not significant, whereas the relationship varied between species. The correlation between NUE and Nmass also varied between species with the GLMM analysis revealing that the larch had a stronger positive correlation between NUE and Nmass than the fir. In addition, the fir had a negative correlation between the two parameters.
Growth response: No significant growth inhibition was observed in either species (Table 3) . Moreover, there were no statistical significances in the differences in height and diameter growth within species. Table 2 . Summary of the generalized linear mixed models (GLMM) that were developed to explain the relationship between area-and mass-based photosynthetic parameters and morphological and nutritional factors in Japanese larch (Larix kaempferi) and Sakhalin fir (Abies sachalinensis). AICAkaike's information criterion; PN -net photosynthetic rate at 380 μmol(CO2) mol −1 and light saturation per unit leaf area; gsstomatal conductance per unit leaf area; PNm -net photosynthetic rate at 380 μmol(CO2) mol −1 and light saturation per unit leaf area; gsm -stomatal conductance per unit leaf mass; NUE -nitrogenuse efficiency; LMA -leaf mass area; Narea -nitrogen content per unit leaf area; Nmass -nitrogen content per unit leaf mass.
Model
Adj. ) (PNm) and leaf nitrogen per unit mass (Nmass) (A), the stomatal conductance per unit leaf mass at ambient CO2 (gsm) and Nmass (B), and the photosynthetic nitrogen-use efficiency (NUE) and Nmass (C) in the current-year needles of Japanese larch (Larix kaempferi) and Sakhalin fir (Abies sachalinensis) at ambient (AOZ) and elevated (EOZ) ozone concentrations. The relationships between the parameters are indicated by fine dotted lines for Japanese larch, heavy dotted lines for Sakhalin fir, and solid lines for both species.
Discussion
In the present study, we compared the physiological and growth responses of Japanese larch and Sakhalin fir seedlings to EOZ. At the leaf scale, significant reductions in photosynthesis under EOZ were observed in both species (Fig. 1, Table 1 ). However, responses of needle N content to O3 differed between the two investigated species. A significant reduction in Nmass under EOZ was observed in Japanese larch (Table 1) , whereas it was not observed in Sakhalin fir. However, Nmass of the studied fir slightly increased by O3 although the difference was not significant. Leaf N has a strong correlation with photosynthetic capacity because a large fraction of leaf N content is invested in photosynthetic apparatus . The O3 responses of photosynthesis in Japanese larch were illustrated by needle N contents, which is a result that is consistent with those of previous reports (Watanabe et al. 2006 , Koike et al. 2012 , Wang et al. 2015 , Sugai et al. 2018 . Previous studies have also reported that PN in Japanese larch significantly decreased by EOZ, although needle N content also declined but the difference was not significant. An effect of O3 has also been observed in the form of reduction of N allocation to protein in leaves (Yamaguchi et al. 2007 (Yamaguchi et al. , 2011 , particularly to photosynthetic apparatus (Shang et al. 2018) . Based on the results of previous studies, an O3 effect could have suppressed N allocation to photosynthetic apparatus in Japanese larch in the present study.
Needle N content in Sakhalin fir slightly increased by O3 although the increase was not significant (Table 1) . The increase in leaf N concentration under elevated O3 conditions has also been observed in other evergreen tree species, such as ponderosa pine (Pinus ponderosa; Beyers et al. 1992 , Temple et al. 1995 , loblolly pine (Pinus taeda; Manderscheid et al. 1992) , and camphor laurel (Phoebe bournei; Cao et al. 2016) . A potential mechanism of the increase in leaf N concentration, according to the above studies, is that O3 increased N availability by increasing protein turnover rate in the senescence-accelerated leaves under EOZ. We hypothesize that the slight N increment in the fir under study was attributable to O3-induced N turnover from aged needles, although we did not investigate age-dependent N dynamics in Sakhalin fir.
The responses of the needle N contents to EOZ were different between the species, whereas the NUE responses exhibited similar decreases. The results suggest that the mechanism of NUE reduction could be different between the two investigated species. NUE (PN/Narea) reduction in larch reflected the reduction in PN relatively more accurately than in Narea (reduction rates were 46.7 and 18.2%, respectively; Table 1 ). In fir, however, NUE were more accurate in reflecting the reduction in Narea. Although there was no significant difference between the two species, the extent of NUE reduction was relatively higher in the fir than that in larch. The contrasting responses to O3 may be associated with the species-specific utilization of needle N. Larch, which has a deciduous leaf habit, exhibits a higher photosynthetic capacity and recycles N in needles before shedding, whereas evergreen conifers such as Sakhalin fir generally maintain needle N for relatively long periods (Millard and Proe 1992 , Matsuda et al. 2002 , Weigt et al. 2012 . Evergreen conifer species also have lower NUE values to facilitate adaptation to resource-poor environments (Reich et al. 1992 (Reich et al. , 1995 and they could drive sites toward resource-poor conditions by producing litter that does not easily decompose (Reich et al. 1992) . Effects of O3, therefore, could have negative effects on fir not only by decreasing NUE but also by introducing N-rich conditions through the increase of needle N contents. Additional long-term studies focusing on the impacts of O3 on species composition and the ecological N cycle are required.
Photosynthetic parameters, including Nmass in both species, were significantly correlated with needle N. The lowest AIC values indicated that Nmass was the optimal index for explaining photosynthetic parameters in both species (Table 2) . We also observed that photosynthetic parameters had a higher correlation with Nmass than Narea. The result indicates the overall relationship between photosynthesis and needle N varies depending on the needle N unit. Hereafter, we discuss why Nmass could explain the O3 sensitivity of photosynthesis in conifers with different leaf habits with a greater accuracy. Nmass has the higher correlation with photosynthesis regardless of species , Wright et al. 2004 . The correlations between photosynthesis and Narea, however, vary depending on species (Field and Mooney 1986 , Peterson 1999 , Larcher 2003 , Matyssek et al. 2005 . In addition, generally, photosynthetic rate has a negative correlation with LMA regardless of plant species (Field and Mooney 1986) . Our results also supported the hypothesis because the correlation between area-based photosynthetic rate and LMA were negative in both species (Fig. 1) . Because of PNm = PN/LMA and Nmass = Narea/LMA, higher NUE values in species result in high PNm and Nmass values, whereas lower NUE values in species result in low PNm and Nmass values. Consequently, the relationship between PNm and Nmass has a higher correlation regardless of species (Hikosaka 2004) . In the present study, PNm had a higher correlation with Nmass in all treatments, implying that Nmass was more effective in explaining the O3 sensitivity of photosynthesis in both species. Based on the interactive effects of Nmass and species, we established that PNm and gsm were clearly independent of Nmass in the fir (Fig. 2) . The result could imply that both parameters were significantly more robust to EOZ in the fir than in the larch. This could have been due to the relatively lower sensitivity to O3 in evergreen trees (Li et al. 2016 (Li et al. , 2017 . It has previously been reported that there is no relationship between LMA, the apoplastic fraction, and ascorbic acid, which plays a key role in O3 flux in chloroplasts (Niinements 1999 , Li et al. 2016 . However, there may be other differences at the molecular scale based on antioxidant capacity, stomatal regulation systems, and leaf internal structures (Feng et al. 2018 , Shang et al. 2018 . Further studies are required to determine the specific mechanism underlying the robustness of mass-based photosynthetic parameters in the fir even under O3 exposure.
In conclusion, photosynthetic responses varied between Japanese larch and Sakhalin fir seedlings under EOZ, which was attributed to different needle N dynamics. We observed that Nmass was more effective in explaining the O3 sensitivity of photosynthesis in deciduous and evergreen conifers. Further molecular and anatomical studies are required to reveal the mechanisms underlying the interspecific differences in the O3 sensitivity to between deciduous and evergreen conifers.
